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Abstract 
Advanced high-strength materials offer a huge application potential within highly stressed components in various industrial 
areas. But their machinability is still limited when applying established and conventionally available technologies. Aiming at the 
reduction of process forces, increased material removal rates and longer tool service life without application of cooling lubricants 
the Fraunhofer IPT has developed a novel process concept for laser-assisted milling with local laser-induced material 
plastification before cutting. The following paper comprises the novel approach as well as first machining results on nickel-base 
alloy Inconel 718. 
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1. Introduction 
The technically restrictive and cost driving factor in applying high strength materials such as Ni-, Ti- or Co-base 
alloys or technical ceramics, e.g. silicon nitride (Si3N4), is the limited machinability with established and 
conventionally available processing technologies. In mould and die making industries for example the manufacture 
and maintenance cause 82% of the total product life cycle costs [1] due to resource-intensive production 
technologies like diamond-assisted grinding. Costs are mainly driven by: 
x High process forces usually result in high tool wear.  
x Extensive use of cooling lubricants is unavoidable and leads not only to high costs but environmental problems.  
x Poor rim zone quality requires subsequent machining due to micro cracking and flaking. 
x Low material removal rates cause inefficient machining. 
Hot machining is an effective possibility to improve the machinability of high strength materials. The input of 
thermal energy reduces the material strength of various materials and improves or enables material removal by 
conventional cutting processes such as turning or milling. Investigations on different heating methods lead to the 
assumption that a sufficient energy density on the workpiece is essential for the efficiency and feasibility of hot 
machining [2]. Otherwise the fast heat conduction can avoid an adequate material plastification. Material heating by 
laser radiation permits a defined high energetic heat input in the machining zone. 
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2. State-of-the-art 
The advantages of applying laser for hot machining have first been shown within investigations on laser-assisted 
turning of Ti- and Ni-base-alloys in the 1980’s in USA, revealing reduced process forces and less tool wear. In 
addition to the analysis of laser-assisted turning processes [3] the first design concepts for the integration of laser 
system technology in turning lathes have been developed and implemented at Fraunhofer IPT [4]. Lately developed 
hot machining processes refer to the laser-assistance in cutting of carbides and technical ceramics by turning and 
milling as well as to the spinning of Ti- and Ni-base-alloys and to the shearing of sheet metals [5]. Concerning the 
heat source, solid state lasers offer substantial advantages. Besides the high power density the application of 
transmittive and reflective optics for beam guiding and forming is a substantial advantage. Among solid state lasers 
the fiber laser is especially suited for efficient material treatment due to the high beam quality and high power 
efficiency of up to 40%. 
Previous concepts of laser-assisted milling [6,7] deal with continuous heating by intense laser radiation which is 
focused onto the workpiece forward the machining point. Thermally induced reduction of material strength 
significantly increases the machinability concerning the achievable material removal rates, formability and tool 
service life. 
Despite its high potential for increased machinability laser-assisted milling has so far only been implemented 
within a test bench for fundamental investigations on the physical mechanisms of thermal and mechanical material 
interaction since there are currently multiple factors limiting the broad application: 
x No consistent thermally induced material plastification before cutting 
x Insufficient machining flexibility 
x Insufficient process capability, process reliability and processing quality 
x No feasible system design concepts 
3. New approach for laser-assisted milling 
Due to the current limitations and in order to close the existing gap between experimental stage and industrial 
application of laser-assisted milling the Fraunhofer IPT has developed and fundamentally investigated a novel 
process concept. The innovation of the new concept is to guide the laser beam directly through the rotating machine 
spindle. Co-rotating mirrors project the laser beam onto the workpiece surface shortly before the cutting edge 
removes the chip. In contrast to the previous approaches (Figure 1 left) the laser spot is not positioned peripheral to 
the cutting zone but directly projected onto the cutting surface of the respective chip volume inducing local material 
plastification before cutting (Figure 1 right). Due to the direct irradiation of the cutting surface and the minimal 
amount of volumetric heat conduction the resulting temperature profile is hardly influenced by geometric conditions 
but particularly by known or adjustable parameters such as energy absorption characteristic of the workpiece 
material (depth and degree of absorption), laser and machining parameters (laser power, spot geometry, feed rate 
and cutting speed) and projection of the laser spot at a certain forward distance to the engaging cutting edge. (allows 
the precise adjustment of heat conduction and material plastification). The implied principle allows minimized heat 
input and efficient material plastification, mostly applied to the chip volume that is to be removed by the rotating 
cutting edge. Thus local flaking, the formation of surface cracks and material distortion can be reduced.  
The new concept of direct irradiation and plastification of the volume to be removed offers essential benefits: 
x Minimal thermal load on both workpiece and tool system 
x Efficient use of applied laser energy for local material plastification 
x Machining flexibility comparable to conventional milling operations 
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Figure 1. Laser-assisted milling of advanced materials: previous approaches (left) and novel approach (right) 
The concept of locally irradiating the surface of the chip material that is to be removed by the cutting insert 
requires the synchronization of the laser switch on/off points, in order not to irradiate already machined material 
surface areas. Therefore the determination of entrance and exit angle of the rotating cutting insert in the workpiece 
during every machining condition is necessary. The laser-induced input of thermal energy happens within the 
resulting angular range of edge engagement, whereas the laser source is switched off when the rotating edge is not 
engaged. This concept of process adapted modulation of the laser source further allows to continuously adapt the 
laser power to the material volume that is currently covered by the rotating laser spot. Consequently, the material is 
homogeneously plastified along the complete chip area and finally removed by the engaging cutting edge.  
4. Machining system following the new approach for laser-assisted milling 
The novel approach for laser-assisted milling is to guide the laser beam through an HSK tool interface (hollow 
shank taper). The illustrated concept has been established at Fraunhofer IPT and enables the tool integrated laser 
beam projection and focusing. Thereby the laser beam is directly projected onto the cutting surface in the machining 
area. Positioning between cutting edge and laser spot can be variably adjusted in order to set specific heat 
conduction before cutting. The resulting material plastification is mainly limited to the respective chip volume. 
Consequently, the input of thermal energy into surrounding material areas is reduced to a minimum. According to 
the local and specific material plastification of the chip the laser projection must be synchronized with the rotating 
cutting edge in order to avoid the heating and thermal impact on already machined workpiece material.  
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Figure 2. Optical and mechanical system design of the novel approach for laser-assisted milling 
4.1. Optical system 
A fiber-coupled high power fiber laser provides the laser radiation that is guided to the motor spindle via light 
conducting cable. The laser radiation divergently emerges from the light conducting cable and is formed by one 
aspheric collimating lens to a nearly parallel beam which propagates through the hollow rotor shaft. A tool 
integrated focusing unit forms a converging beam that is deflected by two hr-coated (high reflection) mirrors on the 
cutting surface directly in front of the cutting insert. By the precise alignment of the aspheric lens towards the fiber 
ending the geometric beam propagation parameters such as beam aperture and beam divergence angle can be 
modified within a certain range. This effect enables the creation of a flexible spot geometry on the workpiece. As a 
result, the laser parameters can be adapted to the current process conditions and cutting kinematics by means of 
projected laser spot diameter on the cutting surface. In addition a camera-based monitoring system has been 
integrated since the workspace area is completely closed during laser-assisted machining for safety reasons. 
4.2. Mechanical System 
All laser system components, the machine spindle and the milling tool were assembled and integrated into a 
5-axis machining center (3+2-axes-kinematic) with combined real-time control provided for the laser-assisted 
machining of advanced materials.  
A rotary feedthrough system enables the necessary gas flow to the tool for the cooling of thermally loaded optical 
and mechanical components, for shielding against contaminating particles that emerge from the cutting process and 
for the improvement of the thermal process efficiency by the immediate removal of process particles out of the beam 
path.  
4.3. Control System 
The realized real-time system enables the dynamic modulation of laser power based on a complete kinematic 
model of interdependencies between machine coordinates, tool and workpiece dimensions, cutting parameters and 
target geometry. All calculations can be adapted to complex machining trajectories via discretization and subsequent 
transformation to a workpiece-corresponding coordinate system. The system also considers discontinuous processes 
at the beginning and at the end of machining, when the tool and its rotating insert are first engaging into the material 
and at its exit by proper laser power control and modulation. The demands concerning calculation efficiency are met 
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by real-time control hardware and efficient software. Due to general interfaces the developed system is easily 
adaptable to other machine configurations and laser systems. 
5. Investigations on laser-assisted milling of nickel-base alloy Inconel 718  
Nickel-base alloys belong due to their mechanical and thermal properties to the difficult-to-machine materials. 
High corrosion and temperature resistance qualify nickel-base alloys for the use in chemical industry (tanks, 
pumps), power generation (turbines, blades) and aerospace industry (engines) [8]. 
5.1. Properties of Inconel 718 
Properties of Inconel 718 like high heat resistance, low heat conductivity, increased formation of built-up edges 
and strain hardening as well as abrasive effect of carbides and intermetallic phases lead to higher thermal and 
mechanical load on the cutting edge in comparison to machining of steel. The high temperature resistance results 
from the separation of the intermetallic J’-Phase that accounts for 30-40 volume percentage (Inconel 718) [8]. This 
intermetallic J’-Phase causes a partial hardening and leads to bad formability and machinability. Machinability is 
furthermore affected by alloying elements Cr, Ti, Mo and W that react with carbon and form abrasive carbides.  
Local input of thermal energy can improve the manchinability if the material strength decreases at elevated 
temperatures [9]. Investigations on the temperature-dependent behavior of different materials revealed a significant 
loss of material strength above a certain temperature level [10]. For Inconel 718 a sharp decrease of mechanical 
strength can be observed at around 600° C (see Figure 3). 
Figure 3. Mechanical strength of Inconel 718 in dependence on material temperature [10] 
According to the absorption properties of Inconel 718 at normal incidence between 30 and 55% [11] of laser 
radiation is absorbed in the workpiece whereas the remaining radiation is reflected. The absorbed energy is either 
conducted into the material and transformed into heat or emitted to the surroundings via convection or heat 
radiation. Additional frictional heat is generated by the engagement of the cutting edge. 
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5.2. Experimental Facilities 
The laser-assisted milling experiments were conducted on a 5-axis machining centre equipped with a 
10,000 min-1 AC-spindle. An ytterbium fiber laser system with a maximum output power of 2.3 kW was used as 
beam source. TiN-coated cemented carbide cutting inserts were chosen as appropriate tools for machining IN 718. A 
piezo-based three-dimensional process force measurement enabled fundamental process investigations with 
embedded force measurement. Flank wear of the cutting tools was analyzed and quantified by microscopic 
investigation. 
6. Process results 
First experimental investigations with the new machining system conducted on Inconel 718 resulted in a 
reduction of cutting force Fy and passive force Fz by 60%. The cutting force in feed direction Fx was reduced by 
40%. In addition the wear of the TiN-coated cemented carbide cutting insert was also significantly reduced. After a 
chip volume of 1000 mm3 a maximum flank wear of 60 μm can be observed at the cutting tool. Without laser-
assistance the tool wear after machining the same chip volume added up to 140 μm. 
 
Figure 4. Process forces and flank wear of milling IN 718 with and without laser-assistance 
Figure 5 shows cutting force and flank wear for three machining paths and thus three chip volumes in 
dependence of cutting velocity and laser power.  
Variation of cutting velocity results in a minimum of cutting force. The reason for the decrease in cutting force in 
the area of 40-80 m/min is the decrease of feed per insert with cutting velocity. At cutting velocities higher than 80 
m/min a significant increase of cutting force and flank wear can be observed in spite of the decreasing feed per 
insert. The reason is probably a thermal overload of the cutting edge at cutting velocities higher than 80 m/min. 
Variation of laser power shows a steep decrease of cutting force and flank wear. At a maximum laser power in 
spot around 1540 Watt higher laser power leads to an increase of cutting force and flank wear, which mutually 
influence each other. The cutting edges show an increased thermal edge wear in consequence of high laser power.
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Figure 5. Cutting forces and flank wear in dependence of cutting velocity and laser power 
7. Summary and outlook 
Machining results of Inconel 718 using a TiAlN-coated cemented carbide cutting tool show a significant decrease 
in process forces and flank wear. Depending on the laser power the cutting force Fy can be reduced by 60%. With 
laser-assistance and optimized laser parameters the cutting force Fx in direction of feed is reduced by 40%. For the 
cutting force Fy and the passive force Fz a decrease of 60% can be achieved.  
The described research activities build a promising basis for the significant increase of process efficiency and 
machining flexibility in laser-assisted milling of advanced materials, whereby the illustrated technological approach 
has been realized within a production-ready machining system, qualified for industrial application. Further research 
and development in the field of laser-assisted milling will comprise the machining of other materials, detailed 
investigations on process parameters and their influence on machinability, definition of the most feasible parameter 
constellations, the production of demonstrator geometries and industrially relevant demonstrator parts as well as the 
realization of a CAD/CAM-module enabling the application of the hybrid process within flexible 5-axis machining. 
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